. It often presents insidiously because the initial symptoms can be intermittent and vague. The sensory symptoms, being limited to the ulnar side of the hand, may not be as bothersome as the critical sensory loss seen in carpal tunnel syndrome. It is therefore not unusual for patients to present with advanced symptoms such as atrophy of the intrinsic muscles and weakness 3 . The classic constellation of ulnar compression symptoms is the result of a complex interplay of mechanical and ischemic forces on the ulnar nerve at the cubital tunnel 4, 5 . Initially, the compressed nerve develops focal areas of demyelination that may progress to axonal loss over time 6 . Patients presenting with severe or long-standing symptoms often have a component of axonal injury and are less likely to fully recover despite surgical intervention 5, 7, 8 . This is in contrast to carpal tunnel syndrome, which is predominantly a demyelinating neuropathy, from which the majority of patients recover following surgical intervention 9 . The diagnosis of cubital tunnel syndrome is made with physical examination and often the support of electrodiagnostic studies 10 . Typically, patients will have slowing of conduction velocity across the elbow or a conduction block, which is a reflection of the degree of demyelination present. Sensory nerve action potential amplitudes and compound muscle action potential (CMAP) amplitudes are proportional to the number of functional axons present. The amplitudes are reduced in patients with axonal loss from severe or long-standing disease 11 . Axonal loss is also evident on electromyography (EMG), with spontaneous activity in the acute setting (e.g., fibrillations and positive sharp waves) and changes in the configuration and recruitment of motor unit potentials in both the acute and chronic settings 12 .
Traditionally, the severity of cubital tunnel syndrome is classified on the basis of clinical signs and symptoms, such as the McGowan-Goldberg and Dellon classifications [13] [14] [15] . The Akahori and Gu classifications include electrodiagnostic criteria, but are limited to conduction velocity [16] [17] [18] [19] . To date, the surgical literature has focused on conduction velocity to guide surgical decision-making in cubital tunnel syndrome 2, 10, [18] [19] [20] [21] [22] [23] . In contrast, our colleagues in neurology and physiatry use conduction velocity to localize the site of compression and use CMAP amplitude as an indicator of disease severity 11, [24] [25] [26] . We sought to correlate electrodiagnostic parameters with preoperative functional impairment in patients with cubital tunnel syndrome. We hypothesized that reduced CMAP amplitude would predict greater functional impairment and be a more useful indicator of disease severity than conduction velocity in this patient population.
Materials and Methods

A
retrospective study was performed of adult patients who underwent a surgical procedure for cubital tunnel syndrome by the senior author over a 5-year period (2013 to 2017). Institutional approval from the Human Research Ethics Board was obtained. Patients were included if they Martin-Gruber anastomosis present* 3 (4%)
*The values are given as the number of patients, with the percentage in parentheses. †The values are given as the mean and the standard deviation. ‡The mean pain in the affected extremity over the past month. §Recorded from the first dorsal interosseous. #Recorded from the small finger.
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T 17, 2019 had clinical and electrodiagnostic evidence of cubital tunnel syndrome and had undergone a surgical procedure. Patients were excluded if they had their electrodiagnostic testing performed at an outside institution, brachial plexopathy, or confounding neurologic conditions (except carpal tunnel syndrome). All patients underwent transmuscular ulnar nerve transposition by the senior author as previously described [27] [28] [29] .
Clinical Data
The following clinical data were extracted from patient charts: demographic characteristics, comorbidities, symptoms, duration, a previous surgical procedure for cubital tunnel syndrome, clinical examination, nerve conduction study, and EMG. The presence or absence of pain, paresthesias, numbness, and atrophy were recorded. Static 2-point discrimination 732
was recorded for the small finger using the Disk-Criminator (North Coast Medical). Grip strength was measured using a Jamar hydraulic hand dynamometer (model 5030J1; Sammons Preston) and key pinch strength was measured using a pinch gauge (model PG-30; B&L Engineering). The presence of a Tinel sign at the cubital tunnel and a Froment sign were recorded. A scratch collapse test was used to localize the site of compression along the ulnar nerve 30, 31 . Upper-extremity impairment was evaluated with the Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire 32, 33 . A 10-cm visual analog scale (VAS) score was recorded for mean pain in the affected extremity over the past month.
The primary functional outcomes were grip and key pinch strength ratios because they provide objective measures of extrinsic strength (through the grip strength ratio) and intrinsic strength (through the key pinch strength ratio). These were calculated as the grip or pinch strength on the affected side divided by the strength on the unaffected side 34 .
Electrodiagnostic Testing
All patients underwent electrodiagnostic testing by 1 of 4 subspecialized neurologists at our institution. To minimize variability in electrodiagnostic technique, patients were excluded if they had testing completed at an outside institution. All examinations were completed according to the guidelines of the American Association of Electrodiagnostic Medicine for ulnar nerve compression 35 . Standardized skin temperatures and room humidity were maintained. A motor nerve conduction study was performed with recording over the abductor digiti minimi and first dorsal interosseous. The following parameters were recorded: latency, CMAP amplitude, and conduction velocity from above-the-elbow, below-the-elbow, and wrist segments. Throughout this current study, we report CMAP amplitude with wrist stimulation to minimize the effects of a concurrent conduction block at the elbow. For patients with Martin-Gruber anastomoses (n = 3), we report amplitude from the below-the-elbow segment. A sensory nerve conduction study was recorded using antidromic techniques with stimulation at the wrist and recording over the small finger. Peak latency, sensory nerve action potential amplitude, and conduction velocity were recorded. EMG of the first dorsal interosseous and abductor digiti minimi was assessed for the presence of spontaneous activity and the configuration and recruitment of motor unit potentials. The following normative values were used: >6 mV for CMAP amplitude, and >5 mV for sensory nerve action potential amplitude. A conduction block was deemed present if there was >20% drop in CMAP amplitude across the elbow 35 . Slowing of conduction velocity was defined as <50 m/s across the elbow segment.
Statistical Analysis
Descriptive statistics were summarized via established methods. The Pearson correlation was used to assess the correlation between electrodiagnostic variables, with 95% confidence intervals (CIs) calculated by the bootstrap method. Generalized linear regression using ordinary least squares was created to calculate the independent effect of each exposure variable of interest on the main outcomes. Because the primary outcomes (grip and key pinch strength ratios) are proportions, an inverse logistic (logit) transformation was performed to the outcome variable, and then multivariable fractional logit regression was applied 36 . Bivariate comparison was performed to assess the uncontrolled effect of each exposure variable against the primary outcomes for reference. The multivariable model was created on the basis of the combination of exposure variables that produced the maximum value of adjusted R 2 to produce the model with the best overall fit 37 , with a maximum of 1 predictor per 10 outcome events to prevent overfitting. Final associations were reported as beta coefficients (b) with 95% CIs, and a < 0.05 indicated significance in all tests.
Results
O
ver the study period, 215 patients underwent ulnar nerve transposition; 83 patients met inclusion criteria and 132 Correlation of the first dorsal interosseous CMAP amplitude at the wrist with the preoperative grip strength ratio (Fig. 2-A) and with the preoperative key pinch strength ratio (Fig. 2-B) .
patients were excluded. Fifty-four patients had their electrodiagnostic testing performed at an outside institution, and 78 patients were excluded for confounding diagnoses (e.g., brachial plexus injury). Patient demographic characteristics are summarized in Table I . Clinical and electrodiagnostic findings are shown in Table II . (Table III) . Figure  1 demonstrates the distribution of CMAP amplitude and conduction velocity across the patient cohort. The majority of patients had abnormal preoperative electrodiagnostic studies (88%). Values recorded from the abductor digiti minimi and first dorsal interosseous were disparate in numerous patients: 54% of patients had reduced abductor digiti minimi amplitude and 72% had slow abductor digiti minimi conduction velocity. When recording from the first dorsal interosseous, amplitudes were reduced in 54%, and conduction velocity was slow in 79%. Table V . †The values are given as the standardized regression coefficient, with the 95% CI in parentheses. ‡Significant. §There is a presence of spontaneous activity or changes in motor unit recruitment and/or morphology in the first dorsal interosseous and/or abductor digiti minimi. 
Motor Nerve Conduction Study
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Sensory Nerve Conduction Study Sensory nerve action potential amplitude and sensory conduction velocity exhibited moderate correlation (r = 0.72 [95% CI, 0.63 to 0.81]) (Table III) . The majority of patients had an abnormal sensory nerve action potential amplitude (66%) and abnormal sensory conduction velocity (63%). No recordable ulnar sensory response was found in 55% of patients.
Comparison of Clinical and Electrodiagnostic Variables
Bivariate analysis failed to demonstrate a significant relationship of body mass index (BMI), laterality, a primary surgical procedure compared with a revision surgical procedure, the DASH score, and the VAS pain score with electrodiagnostic parameters including the CMAP amplitude, conduction velocity across the elbow, sensory nerve action potential amplitude, sensory conduction velocity, and an abnormal EMG (all p > 0.10). However, advanced age and longer duration of symptoms were associated with reduced CMAP amplitude and slowed conduction velocity across the elbow, whether recorded from the first dorsal interosseous or abductor digiti minimi (all p < 0.05).
Association of Patient and Electrodiagnostic Variables with Muscle Strength
The correlation of CMAP amplitude with grip and key pinch ratios are shown in Figure 2 . Bivariate regression identified a significant relationship of CMAP amplitude, conduction velocity across the elbow, and an abnormal EMG with preoperative grip and key pinch strength ratios (Table IV) . When multivariable regression was performed for preoperative key pinch strength, only first dorsal interosseous amplitude was a significant independent predictor (p < 0.001), and first dorsal interosseous conduction velocity (p = 0.47) and the presence of an abductor digiti minimi conduction block (p = 0.28) were not. Similarly, for preoperative grip strength, only first dorsal interosseous amplitude was a significant independent predictor (p = 0.004), and BMI (p = 0.50) and the presence of an abductor digiti minimi conduction block (p = 0.18) were not. Regression coefficients (b) and 95% CIs are shown in Tables IV and V .
Discussion
I n a cohort of 83 patients with cubital tunnel syndrome, we demonstrated that reduced first dorsal interosseous amplitude predicted preoperative functional impairment (i.e., weakness in grip and key pinch strength). Slowing of conduction velocity across the elbow failed to independently predict preoperative weakness. First dorsal interosseous amplitude correlated most strongly with pinch strength, which is likely secondary to its critical importance in the key pinch maneuver. In contrast, abductor digiti minimi amplitude failed to predict preoperative weakness, which we suspect is due to its relative unimportance in grip and pinch strength. An abnormal EMG also failed to predict preoperative weakness on multivariable analysis, which is not surprising given that it provides a qualitative assessment of muscle innervation.
The optimal treatment of cubital tunnel syndrome remains controversial, with numerous studies failing to demonstrate a superior surgical technique 2, [38] [39] [40] . This may be due in part to heterogeneous preoperative severity of disease. The senior author prefers ulnar nerve transposition because it offers the lowest risk of persistent and recurrent symptoms, in her experience. However, our findings are relevant to whichever technique the surgeon prefers.
The current clinical classifications for cubital tunnel syndrome are simple to apply but are imprecise and fail to accurately account for the degree of axonal injury present in more severe cases. The McGowan-Goldberg and Dellon classifications do not utilize electrodiagnostic parameters at all, whereas the Akahori and Gu classifications refer to changes in conduction velocity only [13] [14] [15] [16] 18, 19 . Many studies in the surgical literature rely on changes in conduction velocity across the elbow to guide surgical decision-making 2, [18] [19] [20] [21] [22] . From this study and our clinical experience, we believe that increased attention should be placed on CMAP amplitude values.
Classification of Nerve Injury in Cubital Tunnel Syndrome
The nerve conduction study provides critical information that allows one to classify patients according to the Sunderland degree of nerve injury 8 . This is immensely helpful in counseling patients with regard to their prognosis. The Sunderland classification was originally described for acute nerve injuries. We believe that this classification is also useful for chronic compression injuries, as the pathophysiology described for each Sunderland grade (I to IV) parallels that of chronic nerve compression 5, 6, 41 . A patient who presents with slowed conduction velocity across the elbow and normal CMAP amplitude has focal demyelination (i.e., Sunderland first-degree injury) and should have a favorable expeditious recovery postoperatively. This patient may benefit from surgical intervention, but the urgency is diminished. In contrast, a patient with slowed conduction velocity and reduced CMAP amplitude has a component of axonal injury (i.e., second-degree or thirddegree injury). On EMG, spontaneous activity and changes in the configuration and recruitment of motor unit potentials provide further evidence of axonal injury. Recovery is dependent on the number of remaining functional motor units and the status of the denervated motor end plates 5 . The surgeon should consider early definitive surgical intervention to maximize recovery and should preserve the remaining motor units. It is important to note that the presence of objective weakness does not necessarily imply the presence of an axonal injury. In these patients, the CMAP amplitude is an important consideration to predict who will have a favorable recovery.
Quantification of Axonal Injury
A patient presenting with reduced amplitude has sustained some degree of axonal injury 42 . Gordon et al. demonstrated that function is preserved until a loss of >80% of the motor unit pool because the remaining healthy axons will collaterally sprout to innervate territories up to 5 times their original size (Fig. 3) 
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. CMAP and sensory nerve action potential amplitudes provide a quantitative estimate of the overall number of functional axons and are uniformly reported on all nerve conduction studies 11, 12 . They are reproducible and can be tracked over time. Electromyographers use changes in conduction velocity to localize the site of compression and amplitude to quantify axonal loss and classify severity 11 .
Role of Electrodiagnostic Studies in Surgical Planning and Determining Prognosis
Electrodiagnostic studies confirm the clinical diagnosis of cubital tunnel syndrome and can also provide prognostic information. This may direct the decision to proceed with conservative therapy or a surgical procedure. Patients presenting to our clinic with mild or intermittent symptoms are offered a trial of conservative therapy. It is our practice to obtain electrodiagnostics on all patients presenting with moderate to severe symptoms (e.g., McGowan-Goldberg II to III) and those who remain symptomatic after conservative therapy. A surgical procedure is offered to patients in the setting of normal electrodiagnostic testing when conservative therapy fails to improve symptoms and clinical examination supports the diagnosis of cubital tunnel syndrome of a dynamic-ischemic nature. Electrodiagnostic results can vary between laboratories and it is important for surgeons treating compression neuropathies to develop a relationship with a qualified neurologist or physiatrist. The scatterplots in Figure 1 show the variability in conduction velocity and demonstrates why using it alone to guide surgical intervention is problematic. The consideration of changes in both amplitude and conduction velocity are important because each reflects a different aspect of nerve function (Table VI) .
Numerous studies have attempted to use electrodiagnostics to predict prognosis in cubital tunnel syndrome, although all have relied on subjective postoperative outcomes 25, 26, 44, 45 . Shi et al. studied 73 patients who underwent ulnar nerve transposition and found that higher CMAP amplitude predicted greater postoperative improvement in self-reported symptoms, assessed by the patient-rated ulnar elbow evaluation (PRUNE) score 25 . Friedrich and Robinson correlated the electrodiagnostics of 59 patients with their subjective postoperative outcome 26 . Those patients were more likely to make a complete recovery if they had a conduction block across the elbow to the first dorsal interosseous and normal abductor digiti minimi amplitude.
Differential changes in the abductor digiti minimi and first dorsal interosseous in cubital tunnel syndrome have been previously reported, and our study confirms this finding 24 . The etiology remains uncertain. In addition to ulnar nerve compression at the cubital tunnel, the deep motor branch may be compressed in the Guyon canal. Distal compression is primarily a clinical diagnosis because it is not reliably Relationship between muscle function and percentage of intact motor neurons. Although the relationship between function and motor neuron innervation has been recognized by researchers for some time 43 , its correspondence to the Sunderland and Seddon classifications of nerve injury 8 has not been linked to this physiologic relationship. For example, a Sunderland first-degree injury (I) has no axonal loss and therefore should recover full function. A seconddegree injury (II) has variable axonal loss but full recovery of function, whereas a third-degree injury (III) has substantial axonal loss with functional recovery that is variable and incomplete. The Sunderland fourth-degree (IV) and fifth-degree (V) injuries usually have no functional recovery as the axonal loss is complete. Fourth-degree injuries occur rarely with compression neuropathy, and fifth-degree injuries occur only with traumatic or iatrogenic peripheral nerve injuries. Note that this figure depicts the anticipated functional recovery following a nerve injury and not the function immediately following nerve injury.
TABLE VI Summary Points with Regard to Electrodiagnostic Testing
Decreased conduction velocity (e.g., <50 m/s) localizes the site of nerve compression
Changes in conduction velocity do not constitute a conduction block Decreased CMAP amplitude (e.g., <6 mV at the wrist) implies axonal loss and allows determination of disease severity EMG provides additional evidence of axonal injury and allows determination of the chronicity of compression (i.e., fibrillations and positive sharp waves are seen in acute injury, and changes in motor unit recruitment and morphology are seen in acute and chronic axonal injuries)
investigated on a routine nerve conduction study. Alternatively, fascicles of the first dorsal interosseous may be more susceptible to demyelinating injury and the abductor digiti minimi may be more prone to axonal injury because of the fascicular topography and the compressive forces applied 26 . Finally, the importance of the first dorsal interosseous to the key pinch maneuver may mean that patients notice symptoms sooner and present before compression has progressed to axonal injury.
Study Limitations
Our cohort only includes patients who underwent a surgical procedure because patients treated conservatively were less likely to have had the electrodiagnostic testing completed at our institution. Electrodiagnostic testing was performed by 1 of 4 subspecialized neurologists rather than 1 individual. However, all testing was performed in a single laboratory using standardized protocols. There were a high number of patients undergoing a revision surgical procedure following outside referrals in the cohort (29%). However, the goal of this study was to correlate electrodiagnostic parameters with preoperative clinical examination for the purpose of determining disease severity and, by including revision cases, we were able to increase the spectrum of disease severity assessed.
Future Directions
This study promotes the need for future investigations to delineate the prognostic utility of CMAP amplitude as a predictor of postoperative functional outcome. The current literature relies on subjective improvement and nonvalidated clinical symptom scores 26, 44, 45 . Data that correlate preoperative CMAP amplitude with objective functional measures of postoperative recovery and validated patient-reported outcomes will be useful in advancing our understanding of the disease process and its management.
Conclusions
We have shown that reduced first dorsal interosseous amplitude predicts loss of preoperative grip and key pinch strength and isolated slowing of conduction velocity across the elbow does not. CMAP amplitude is an important indicator of the disease severity in cubital tunnel syndrome and should be considered when counseling patients with regard to prognosis and determining the necessity and timing of surgical management. Patients with isolated slowing of conduction velocity should anticipate favorable recovery within months. In contrast, patients with reduced CMAP amplitude should be advised that recovery will be slow and, depending on the degree of axonal loss, potentially incomplete. n
